Abstract-A wide range-infrared free electron laser (IR-FEL) is being constructed for science and industrial applications in the Accelerator Technologies Institute, Ankara University. In the facility, in order to obtain electron beam with energy 40 MeV, 4.5 cell RF cavities are considered. IR-FEL system covers 2.5-250 m wavelength range that based on 15-40 MeV e-linac and two undulators to generate up to 250 m coherent infrared radiations. In this study, IR-FEL Resonator System parameters, mirror parameters, undulator parameters besides mirror diffraction losses are calculated and optimized with analytically and by using Optical Propagation Code and GENESIS 1.3. These Codes are also used to simulate beam behavior inside the resonator and along the undulator while GLAD Code is used for mirror diffraction losses.
INTRODUCTION
A wide range IR-FEL is being constructed for science in the Accelerator Technologies Institute, Ankara University within the collaboration of Dumlupınar, Niğde, Süleyman Demirel, Uludağ Universities for the IR-FEL Project Technical Design framework. The IR-FEL System consists of an electron linac, 15 -40 MeV energy range, with two optical resonators in order to obtain 2.5 -250 micron infrared free electron laser. Undulators inside the resonator system will have periods of 2.5 cm and 9 cm.
The facility is being located in the Ankara University, Gölbaşı Campus and the commissioning is planned to be by the middle of 2013. The Accelerator Facility is also includes the Bremstrahlung System with the same source of thermionic gun and initial energy -250 KeV.
Electron beam with tunable energy in 15 -40 MeV can be injected to undulator-1 and undulator-2 lines independently. In order to obtain high quality FEL, electron beam should have high peak current [1] , thus for effective acceleration, the beam needs to be squeezed and raised the velocity [2] . Beam has about 500 ps length after gun needs to be compressed using two step buncher called subharmonic and fundamental buncher cavities that operates 260 and 1.3 GHz, respectively. The bunch after injector is compressed up to 10 ps and has 250 keV energy. A booster linac will be used to accelerate beam up to 1-2 MeV. As an average beam current, 1.6 mA is taken into account.
MATERIALS AND METHODS OF OPTIC RESONATOR PARAMETER
CALCULATIONS An optical resonator is an arrangement of optical components which include different kinds of mirrors at both ends of resonator system and undulator which is placed at the center of resonator. Optical components allow beam of light to circulate inside the closed path-resonator system. Two optic resonators are selected in the IR-FEL System with same length that houses planar two undulators have different periods. Symmetric and nearly concentric resonators are chosen in FEL System. For this selection, stability parameters played crucial role, they are obtained and placed in the stability figures. The schematic view of the undulator is shown in Figure 1 . Since very high magnetic properties is presented by SmCo, SmCo magnet material hybrid-type undulators with iron poles are chosen. SmCo is more brittle and thermoduric than the other undulator materials. Fundamental parameters of undulators are given in Table 1 . The numbers of the undulator poles were determined with optimum gain and optimum intra cavity power. Current studies show that the strength for undulator-2 is limited at 2.5 micron but in the future, it can be increased up to 3. The strength of undulator-1 is limited by the minimum gap. The beam pipe is considered to have 1.5 cm radius between the undulator-1 layers. 
Undulators, Magnet Selection and Parameters

Resonator and Mirror Parameters with Analytical Calculations and Codes Comparison
The distance of mirrors is related with the electron bunch repetition. In IR-FEL System, the bunch repetition rate is obtained 77 ns while corresponding mirrors distance is found L c =11.53 m by using the equation, L c =(cT)/2=c/(2f) where c is the speed of light and f is frequency of the bunch, f=1/T=13 MHz. Oscillator IR-FEL System consists of 2 mirrors at both end of the resonator. These are mainly spherical mirrors with one has small hole at its center to get laser out of the system. Symmetric and concentric resonator types are chosen since they have several advantages such as small waist, big mirror spot. Schematic view of IR-FEL Resonator System is displayed in Figure 2 . 
One can obtain  0 =0.002891 m and Rayleigh length, Z R =0.97 for undulator-1 by using,
and, or by using stability parameters,
From the eqn. (1), we have calculated TEM Modes, W 00 , W 01 , W 10 , W 11 , and W 20 . TEM modes should be smaller than undulator gap to get laser out, thus these modes can be attainable for Undulator-1 in the IR-FEL System. In undulator-2, W 00 , W 01 , W 10 exist within the undulator gap where beam waist is 0.01121 m. These TEM pl Modes related with radial intensity of beam that is given by Laguerre polynomials. Radial intensity distributions are normalized to spot size of a Gaussian Beam profile. In our resonator system behavior shows Gaussian Mode shapes and partly covers Laguerre polynomials -as found above equations -TEM 00 , TEM 01 , TEM 10 , and TEM 11 for undulator-1. In Figure 3 , possible TEM Modes for undulator-1 are displayed while Figure 4 shows existing TEM Modes for undulator-2 in the IR-FEL facility. 
Minimum spot size for the lowest order TEM Mode occurs while Rayleigh length
Other resonator and mirror parameters such as radius of curvature of the mirrors and spot size on mirrors are obtained by the equations,
The results of the Genesis 1.3 Code, we able to obtained the power for only single pass with respect to Rayleigh length, shown in Figure 5 while the parameters are listed as a result of the Genesis 1.3 output file: Figure 5 : Power for single pass in the resonator for U25
To reduce loss of laser light between mirrors inside resonator and since IR-FEL facility covers very wide range of wavelength, waveguide system needs to be considered and placed inside the resonator. In the future studies, waveguide selection will be concerned. Main parameters of the optical resonator systems are calculated as in Table 2 . Stability condition for a stable resonator is given as:
This condition is derived from a paraxial ray tracing in a periodic convergent lens sequence where g 1 =1−L c /R 1 and g 2 =1−L c /R 2 . As one can see from the Figure 6 -(a), multiplication of the stability parameters in our IR-FEL facility, g 1 and g 2 , is housed in the stable area which is shaded. Stability criterion, g 1 g 2 , is found 0.731. Figure 6 : Stability diagrams, (a) shows detailed stability criteria for stable and unstable area while (b) shows resonator types corresponding stable and unstable regions
Mirror Coatings
Mirror coating is important to obtain preferred transmitted light and to know the reflectance percent. In the IR-FEL System, metallic protected silver and gold are chosen as mirror coating. Pyrex is chosen for mirror material that provides wide wavelength range of laser wavelength, 2-250 micron. Mirror hole with diameter 0.5/2 mm has considered getting laser out of resonator with reflectivity %95 [3] . Ion beam sputtering is chosen to deposit dielectric coating. This energetic process generates layers with bulk-like indices of refraction, resulting in a better durability of coatings [4, 5] .
Diffraction Losses
In IR-FEL System, diffraction and energy losses are simulated with the GLAD 5.2 Code [6] . By using GLAD 5.2, diffraction losses and energy passage are worked out and following histograms for copper is obtained by using optic cavity and IR-FEL parameters. Part of program algorithm for diffraction loss with GLAD Code is given, 
INFRARED-FREE ELECTRON LASER
After calculation of the parameters, Lc, Lu, f, R, Z R , g 1,2 , , TEM Modes, using intensity figures of these modes, small signal gain can be calculated by integrating the area under the curve either analytically or by programming. Using small signal gain, considering mirror hole 0.5 -2 mm, the following equations can be evaluated as: (8) where filling factor, Alfven current (9) homogen band width:
where N stands for number of periods in the undulator and in the equation 8,  shows undulator parameter which is related to the Bessel Functions. Cylindrical Bessel functions J 0,1 are plugged into define the undulator behavior. It differs for helical and linear undulator. We used planar undulator in our calculations since planar undulator is chosen for IR-FEL system. Following equation, the first part shows helical and second part related for linear undulator. In order to find small signal gain, second part is used
For the Concentric resonator, the Filling Factor is greater than (for  u =2.5 cm: =2.5-27 m and for  u =9 cm: =11-250 m) 50% in the output FEL wavelength. To obtain FEL in 2.5-250 microns range using 15-40 MeV energy electron beam inclined us to use undulators that have 2.5 and 9 cm period lengths which we call undulator-1 and 2 respectively. In calculations, we have taken the electron beam to have 1,6 mA average current, 1ps bunch length, 13 MHz repetition rate, 15 mm.mrad normalized transverse emittance and 100 keV.ps normalized longitudinal emittance. Using small signal gain (g 0 ), total gain can be calculated with the following relation, 
For IR-FEL system, one can obtain small single gain as 0.006175 and gain for many pass is approximately found as 0.00645 for undulator-1 with 2.5 cm wavelength. To find power after many pass studies with Modified Genesis Code still continues. Electron beam energy spread, finite emittance, longitudinal slippage and Chesworth filling method correction factors are utilized for calculating the ideal gain. It is assumed %10 cavity losses, 120 pC bunch charges, %0.1 beam energy spread and 15 mm.mrad RMS transverse emittance for both undulator simulations. Bunch lengths and cavity detuning were assumed to be different for better coupling in the resonators. 
